Doping of group IV semiconductor nanowires by Game, Alexander
UCC Library and UCC researchers have made this item openly available.
Please let us know how this has helped you. Thanks!
Title Doping of group IV semiconductor nanowires
Author(s) Game, Alexander
Publication date 2020-03
Original citation Game, A. 2020. Doping of group IV semiconductor nanowires. MRes
Thesis, University College Cork.
Type of publication Masters thesis (Research)












Alexander Game, BSc 
Masters of Research 
University College Cork, Ireland 
School of Chemistry 
 
 
Head of School: Dr Humphrey Moynihan 










Page | 2 
Table of Contents 
 
Declaration.............................................................................................................................. 3 
List of Abbreviations ............................................................................................................. 5 
Acknowledgements ................................................................................................................ 7 
Abstract ................................................................................................................................... 8 
Chapter 1 .............................................................................................................................. 10 
1.1 Germanium Nanowires........................................................................................ 10 
1.1.1 Motivation ............................................................................................................ 10 
1.1.2 Initial Research ................................................................................................... 12 
1.2 Doping of Nanowires ............................................................................................ 16 
1.2.1 Ex situ Doping ...................................................................................................... 16 
1.2.2 In Situ Doping ...................................................................................................... 20 
1.3 Characterisation Methods ......................................................................................... 27 
Chapter 2 .............................................................................................................................. 32 
2.1 Nanostructure Synthesis ............................................................................................ 32 
2.1.1 Nanoparticle Synthesis ....................................................................................... 32 
2.1.2 CVD Nanowire Synthesis ................................................................................... 32 
2.2 Characterisation ......................................................................................................... 33 
2.2.1 Microscopy ........................................................................................................... 33 
2.2.2 Spectroscopy and Diffraction Measurements ................................................... 34 
2.2.3 Electrical Measurements .................................................................................... 34 
Chapter 3 .............................................................................................................................. 36 
3.1 In situ Doping of CVD Grown Ge NWs ................................................................... 36 
3.1.1 Microscopy of in situ Doped Ge NWs ................................................................ 36 
3.1.2 Spectroscopy of in-situ Doped Ge NWs ............................................................. 44 
3.1.3 Electrical Testing of in-situ Doped Ge NWs ..................................................... 50 
3.1.4 Summary of in-situ Doped Ge NWs .................................................................. 51 
3.2 In situ Doped CVD grown GeSn NWs ..................................................................... 51 
3.2.1 Microscopy of In situ Doped CVD grown GeSn NWs ..................................... 51 
3.2.2 Crystal Structures of In-situ Doped CVD grown GeSn NWs ......................... 57 
3.2.3 Electrical results of in-situ doped GeSn NWs ................................................... 62 
Conclusions and Future Work ............................................................................................ 63 
References ............................................................................................................................. 66 
 
 
Page | 3 
Declaration 
 
This is to certify that the work I am submitting is my own and has not been submitted 
for another degree, either at University College Cork or elsewhere.  All external 
references and sources are clearly acknowledged and identified within the contents.  I 


































For my Mum and Dad, and my love, Ruthanna. 



















Page | 5 







Atomic Force Microscopy (AFM) 
Atomic Probe Tomography (APT) 
Bismuth (Bi) 
Boron (B) 




Electron Spin Resonance (ESR) 
Electron-Beam Lithography (EBL) 
Energy-Dispersive X-ray Spectroscopy(EDX) 
Field-Effect Transistor (FET) 
Galium Arsenide (GaAs) 
Germanium (Ge) 
Germanium dioxide (GeO2) 
Germanium-Tin (GeSn) 
Gold (Au) 
High resolution Transmission electron microscopy (HRTEM) 
Hydrobromic Acid (HBr) 
Hydrogen Chloride (HCl) 
Ion-Beam Lithography (IBL) 
Isopropanol (IPA) 
Juntionless Nanowire Transistor (JNT) 
 
Page | 6 
Metal Oxide semiconductor Field Effect Transistor (MOSFET) 
Metal-oxide Vapour-phase Epitaxy (MOVPE) 
Monolayer Contact Doping (MLCD) 
Monolayer Doping (MLD) 
Multi-gate Field-Effect Transistor (MuGFET) 




Phosphine Gas (PH3) 
Phosphorus (P) 
Scanning electron microscopy (SEM) 
Scanning Transmission Electron Microscopy (STEM) 
Silane (SiH4) 
Silicon (Si) 






Transmission electron microscopy (TEM) 
Trioctylphosphine (TOP) 
Tunnel Field Effect Transistor (tFET) 
Vapour-Liquid-Solid (VLS) 
Vapour-Solid-Solid (VSS) 
X-ray Diffraction (XRD) 
  
 
Page | 7 
Acknowledgements 
Firstly, my thanks go to Prof. Justin Holmes for both the opportunity to partake in this 
research, and his consistent support, supervision and advise throughout the project.  
Without him, none of the research presented here would have been possible.  I would 
also like to thank Dr John O’Connell and Dr Subhajit Biswas for all of their guidance 
and advise over the past few years.  Also, to all of my colleagues in lab 115 and 320, 
past and present; thank you so very much for making all of the darker days much more 
bearable and bright, and for all of the laughs over the years.  I cannot thank the 
technical and administrative staff in the school of chemistry enough, especially to Dr 
Trevor Carey and Dr Ian O’Connor for all of their assistance.  Thanks are also due to 
my dear friend, Nathan Jeffers, not only for his assistance with the programming used 
in this thesis, but his ever present support, warmth and dear friendship.  Special thanks 
to Shane Garvey, Tim Bourke, Will Daly and Eilís Ní Thuama, for all of their 
friendship, support and lunches.  I could not have asked for a better group of friends, 
and 12:30 will never be the same again. Finally, the three people in my life who are 
dearest; David and Carolyn Game, and Ruthanna Stockhoff.  Words cannot express 
how grateful I am to have been blessed with such amazing parents, and such a 
wonderful partner to share my life with. Your support, patience, counsel and love have 
been invaluable. Thank you so very much. 
  
 
Page | 8 
Abstract 
As Moore’s Law predicted in the 1960s, advancements in technology have led to an 
exponential increase in the numbers of transistors required per square inch of 
integrated circuits, leading to an ever pressing need for smaller transistors.  In turn, 
there is a need for novel transistor architectures and materials, with the conventional 
Si FETs soon approaching the limits of modern technology.  With the need for channel 
lengths and widths below 7 nm fast approaching, much research has turned to new 
materials and devices to fulfil these requirements when they are needed. 
 
With NWs being prominently used in studies of alternative device architectures, and 
a resurgence in research of Ge as a semiconductor for FET channels, Ge NWs show 
great promise as components for novel FET designs.  GeSn also shows great potential 
over Si and Ge due to its direct bandgap allowing for lower energy devices.  While 
most reported syntheses of Ge NWs use gas-based vapour-liquid-solid growths, some 
research has been reported on solution-based VLS growth of both Ge and Ge Sn NWs, 
although no literature to date has reported solution-based doping of VLS grown Ge or 
GeSn NWs. 
 
This thesis reports liquid-phase VLS growth and in-situ doping of Ge and GeSn NWs 
using a variety of dopant precursors.  SEM and TEM were used to analyse the 
morphology of NWs grown.  TEM, XRD and Raman Spectroscopy were used to 
analyse the crystal structures of the wires, including the presence of defects.  Raman 
spectroscopy and EDX analysis were used to determine the atomic composition of the 
NWs. Electrical testing was also carried out on the NWs. 
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Chapter 1 of this thesis outlines the advantages of the Ge and GeSn NWs over 
conventional FET materials and architectures, as well as introducing the mechanisms 
of the growth and doping of semiconductor NWs and summarising the existing 
literature of doping of NWs, particularly focusing on in situ doping.  Chapter 2 outlines 
the experimental methodology for the synthesis of the Au NPs used for NW synthesis, 
as well as the syntheses of Ge and GeSn NWs, as well as detailing the equipment and 
chemicals used.  Chapter 3 details how the dopant molecules impact the morphology 
of the NWs, with decreases in the diameters and lengths of NWs in most samples.  The 
dopants are also shown to decease the NW yield, with most samples yielding cubic 
crystalline NWs grown in the (111) direction.  Dopant precursors are also shown to 
have prominent effects on the Sn concentration of GeSn NWs, as well as having more 
pronounced effects on the crystallinity of the NWs.  These results are followed by 
conclusions and an outline of potential future work in this field. 
  
 
Page | 10 
Chapter 1 
1.1 Germanium Nanowires 
1.1.1 Motivation 
The requirements of modern technology are quickly advancing beyond the capabilities 
of one of their key components; the conventional MOSFET.  As predicted by Gordon 
Moore in 1965, 1 the amount of transistors needed per square inch of integrated circuits 
is doubling on a yearly basis, in turn meaning transistors must become smaller and 
smaller.  Though classical designs of transistors have scaled down drastically in size, 
with channel lengths as low as 10 nm 2 and 7 nm 3,4 being produced in commercial 
devices, this is unlikely to continue.  This rate of decrease in transistor size has been 
unable to keep up with the trajectory in Moore’s Law, with Moore and others 
predicting devices not being able to meet requirements of technology after 2025, nor 
go below 7 nm in channel length.5,6  At these sizes, the traditional architectures and 
materials for these essential components do not allow for adequate control of current, 
leading to leakage current, electrostatics and an unreasonable wastage of energy,7 and 
thus, conventional MOSFETs are reaching the limits of their efficacy.  The 
conventional methods of transistor fabrication are also reaching their limits.  
Therefore, there is an increasing need for novel device architectures and materials that 
perform more efficiently at sub 7 nm sizes in order to bypass the limits of classical 
device designs as predicted by Moore. 
 
Si has traditionally been used as a gate material in transistors due to its stable oxide 
and high carrier concentration.  Although Ge was used in the first transistor in 1947, 8 
it fell out of favour due to its unstable oxides, difficulty in handling without surface 
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oxidation, and high cost compared to Si.  Recently, however, Ge has been re-examined 
as a potential material in MOSFETs due to its higher carrier mobility and improved 
electrostatic control when compared to Si,9 both of which potentially make it an ideal 
material for sub-7 nm FETs.  A study by Claeys et al. compared Si and Ge as materials 
in field effect transistors (FETs).  Though they found that Ge devices gave a much 
higher leakage current than Si at lower p-doping concentrations, when the dopant 
concentrations were increased, this difference in leakage current was vastly reduced.  
Ge also functioned at a much lower power than Si.10  These initial results for channel 
widths of approximately 30 nm showed promise for further scaling down of Ge FETs, 
with further research successfully investigating sub-10 nm transistors using Ge.11,12  
Similarly, GeSn alloys provide the additional advantage of having a tuneable direct 
bandgap,13 leading to a higher band-to-band tunnelling rate 14 which makes them ideal 
for use in the channels of newer FET designs, such as tFETs.  Another important 
advantage of using Ge and GeSn as replacements for Si in transistor technology is 
their similarity to Si.  Although a significant amount of research has explored different 
materials for use in FETs (Group III/V 15 and Group II/VI 16), Ge and GeSn are Group 
IV materials.  Thus, they can be processed using the fabrication facilities and 
processing techniques used for Si, as well as sharing many properties, such as their 
diamond cubic crystal structure.  They will therefore be far easier to integrate into 
established manufacturing processes than other materials. 
 
As well as research into new materials for electronics, there are a number of groups 
investigating novel FET architectures which allow better current control in the FET 
channel with minimum power wastage.  These architectures include 3D structures, 
such as MuGFETs, with reduced short channel effects of drain-induced barrier 
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lowering, subthreshold slope degredation and saturation velocity and lower leakage 
currents compared to traditional FET designs.17–20  Particularly promising are FETs 
which use NWs as the channel.  Specifically, they have found uses as key components 
in JNTs 21–23 and tFETs.24–26  The former of these shows potential for scaling below 
10 nm due to its lack of junction avoiding the problems caused by the lack of control 
in short p-i-n junctions (junctions consisting of consecutive p-doped, intrinsic and n-
doped regions), as well as its simplicity in design and homogeneous doping potentially 
leading to cheaper devices.  The latter allows for lower-power devices due to the 
smaller amount of energy required to induce band-to-band tunnelling compared to 
using the standard field effect.  Thus, NWs have an unquestionable potential to become 
a key component in state-of-the art transistor technology. 
 
1.1.2 Initial Research 
Wagner et al. 27 first reported the VLS growth of crystalline Si “whiskers” in the 
1960’s.  While their study laid the foundations of NW research, these “whiskers” had 
diameters in the scale of microns.28  It was not until 1998, when Morales and Lieber 
were successfully able to grow NWs at the scale of tens of nanometres that NWs 
became a viable option for use in nanoelectronics.  Since then, much research has been 
carried out in the area of NW synthesis, with NWs being grown using a variety of 
different methods.  These can be separated into two main categories; “top-down” 
fabrication and “bottom-up” growth. 
The top-down fabrication of NWs involves etching away a material, e.g. a Si substrate, 
to form NW structures.  Generally, NW structures are etched from wafers, followed 
by stress limited oxidation to coat the structures with an oxide, or trimming to further 
refine the structure.29  Traditional fabrication methods use optical lithography, 
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specifically UV lithography, to pattern nanostructures.  However, due to the 
requirements of state-of-the-art devices stretching beyond the scope of UV-
lithography,30 other lithographic techniques have been implemented for producing 
high densities of small diameter NWs, such as EBL,31 IBL 32 and NIL.33  These 
lithographic methods potentially give nanometer-level of control over NW 
architectures.30  However, in spite of this, this lithographic methods have several 
limitations.  For example, the composition of NWs produced are limited by the 
substrates from which they are etched.  Additionally, the generation of precise, small 
diameter and high-density arrays of NWs can be very time consuming by lithography, 
and all of the material etched away from the substrate must be disposed of as waste, 
neither of which are ideal in large-scale manufacturing. 
 
Bottom-up NW fabrication involves synthesising or “growing” NWs in a “self-
assembly” type of process, usually in a gas or liquid phase.  A popular bottom-up 
approach for growing NWs, particularly semiconductors, is via a VLS mechanism, as 
described in Figure 1.1.  In the VLS mechanism, a precursor of a material of interest 
in the vapour phase, (e.g. diphenyl germane in the case of Ge), dissolves in a liquid 
phase seed, (e.g. Au), until the seed becomes supersaturated at which point crystalline 
solid layers precipitate from the seed in the form of a NW, (e.g. a Ge NW).  The VLS 
mechanism was first observed by Wagner et al., 27 who observed that when Au 
impurities were present on a substrate surface, the addition of SiH4 gas at temperatures 
above the Au-Si eutectic temperature caused the growth of crystalline Si wire-like 
structures.  They noted that globules of Au remained at the tips of the wires during 
their growth, and thus, it was deduced that these acted as sinks for Si atoms, as well 
as catalysts for the formation of the wires.  The vast majority of Si NWs synthesised 
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have followed similar procedures to that reported by Wagner et al., using SiH4  as the 
gas phase Si precursor and Au as a prominent seed catalyst.34–37  In their 1998 study, 
Morales and Leiber used laser ablation to generate Si NWs using a Si-Fe target as the 
“precursor”.  Since then, a variety of different precursors have been used to grow 
group IV and group III/V NWs 38–40 using of a variety of different seed catalysts, such 
as Al,41 tin 42 and Bi.43 
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Figure 1.1: Schematic detailing the introduction of NW precursor molecules in VLS 
growth, the decomposition of molecules, the NW precursor atoms dissolving into the 
seed catalyst, and the formation of the bilayers that precipitates out to form the NWs. 
 
Conventionally, the bottom-up growth of NWs is carried out using gas phase 
precursors, although several studies have used solid phase precursors in the form of 
powders.  Sun et al. 44 reported the growth of Ge NWs from Ge powder where the 
powder was placed in an alumina crucible in a quartz tube and heated to a temperature 
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of 950 °C for 1 h, under a Ar flow of 50 sccm.  The NWs formed had identical crystal 
structures and growth directions to those produced using gas phase precursors.45  
Additionally, Biswas et al. 46 have reported the use of liquid-based precursors for the 
VLS growth of GeSn NWs on Si substrates by CVD.  Most solution-based synthetic 
approaches are, however, based around growing NWs from solution-based precursors 
and NPs, heated in an inert gas environment in a reaction flask,47,48 i.e. via a solution-
liquid-solid mechanism.  Other examples in literature have demonstrated the 
successful growth of NWs from supercritical fluids, via a SFLS,49,50 whereby 
precursors are introduced to seed catalysts suspended in supercritical fluids, such as 
carbon dioxide or hexane.  Also reported are VSS methods,41,51 and self-seeded NW 
growth.52 
 
1.2 Doping of Nanowires 
1.2.1 Ex situ Doping 
One of the most essential steps in the process of manufacturing transistors is doping 
of the channel (NW), which involves the controlled addition of impurities into the 
crystal structure of a semiconductor to make either a p- and n- type material.  
Generally, transistors rely on altering the gate voltage to allow and block the 
movement of electrons.  The efficacy at which this can be achieved is dependent on 
the number of free electrons or holes, which can be altered in a material by doping.  In 
the case of group IV semiconductor materials, group III, (e.g. B, Al) and group V, (e.g. 
P, As), elements are used as p-type and n-type dopants, respectively.  Boron (B) and 
phosphorous (P) are the most commonly used dopants in conventional group IV 
semiconductors, due to their high solubilities in Si and Ge.  Traditionally, the doping 
of semiconductors is achieved by ion implantation which involves the bombardment 
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of a semiconductor material with ions of the dopant atom at high speeds.  The 
bombardment is followed by a thermal anneal, whereby the material is heated to allow 
the dopant to diffuse throughout the semiconductor and promotes a uniform doping, 
as well as rectifying any crystal defects formed during ion bombardment.  However, 
ion bombardment was designed to dope conventional thin film structures and 
accurately controlling dopant depth at small dimensions is difficult.  Doping 3D device 
architectures, such as MuGFETs 53 or NW based FETs,21 by ion implantation is also 
difficult as close neighbouring structures can often cause shadowing of the ion beam, 
resulting in non-uniform doping across the whole of the device, as shown in figure 
1.2.  As well as this, smaller architectures can be irreparably damaged by the 
bombardment, sometimes with the ions passing straight through the structures without 
doping them.  Although capping layers of SiO2 are often used to protect the crystal 
structures from the severe damage caused by ion bombardment, difficulties arise when 
applying this to bottom-up grown semiconductor NWs, thus, more efficient and less 
damaging doping methods must be employed for the doping of NWs. 
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Figure 1.2: Schematic of potential damaging effects of ion implantations.  Implant is 
unidirectional, leading to an inhomogeneous distribution of dopants, and subsequent 
incomplete recrystallisation during the anneal step. 
 
Other ex-situ doping methods have been explored for doping semiconductors, the two 
most effective being MLD and SOD.  MLD is a recently established process in the 
doping of bulk substrates, first reported by Ho et al. 34 who used the approach to dope 
Si wafers with B.  MLD has since been used to dope a variety of semiconductor 
materials using a range of dopants.54–59  MLD involves two steps: (i) functionalisation 
of a semiconductor surface with the dopant-containing molecule and (ii) its subsequent 
diffusion into the semiconductor via an annealing step.  The functionalisation step is 
usually achieved by thermally-initiated hydrosilylation between the hydrogen-
passivated surface of the semiconductor and a terminal alkene of the dopant molecule.  
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However, functionalisation using terminal alkyne groups,32 as well as reacting 
hydroxyl-terminated surfaces with carbonyl-containing compounds 33 have also 
proven to be effective.  Conventionally, rapid-thermal annealing is used to diffuse the 
dopant atoms into the semiconductor, usually with the use of a SiO2 capping layer to 
prevent the diffusion of the atoms away from the surface.57  SOD utilises a similar 
approach, although here, a solution containing the dopant is spin coated onto the 
sample requiring doping.  The solutions used are most often composed of a dopant-
SiO2 mixture, or a polymer with Si and the dopant within its molecular structure.  
Rather than chemisorption, the dopant layers are attached to the surface of the 
substrates physically via an annealing step before diffusion.60  While both of these 
methods allow for good control of dopant depth and are non-destructive, they both 
result in carbon deposition (and possibly contamination) on the surface of the doped 
substrate.  Also, solutions used in MLD and SOD tend to be organic, leading to 
difficulties in obtaining an even coverage on the surfaces of small dimensional 
structures.  A similar process to MLD was used by Hazut et al. to dope Si NWs  using 
tetraethyl methylenediphosphonate and phenylboronic acid as P and B dopant 
molecules, respectively.  This process was referred to as MLCD and involved the 
dopant molecules first being coated on a “donor” Si substrate, which was then placed 
on top of an array of NWs and annealed, resulting in doped NWs.  This technique was 
used to achieve both homogenously P-doped Si NWs,61 as well as doping parallel p-n 
junctions along Si NWs 62.  SOD has been used to dope Si NWs with B by Ingole et 
al..63  However, problems still arise when doping Ge and GeSn NWs specifically as 
annealing temperatures required for MLD, MLCD and SOD are often above 700 °C, 
which is greater than the melting point of small diameter Ge NWs and the segregation 
temperature for GeSn.  Thus, other methods of doping must be employed. 
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1.2.2 In Situ Doping 
The most prominently studied method for doping semiconductor NWs involves 
mixing and reacting dopant and semiconductor precursors together, typically in the 
gas phase, known as in-situ doping.  In-Situ doping was first reported by Haraguchi et 
al. 64 for gallium arsenide (GaAs) NWs, but has since been extended to other NW 
systems, such as Si and Ge.65–68  Typically, gas-phase in-situ doping of NWs takes 
place via a VLS mechanism, where both the NW and dopant atoms dissolve in the 
catalytic seeds and the dopant atoms form part of the crystal structure of the NW 
during nucleation. 
 
Wallentin et al. 69 proposed a mechanism for axial dopant incorporation during in-situ 
doping of NWs, based on the Stringfellow model 70 of thin-film MOVPE.  The 
mechanism Wallentin proposed, depicted in Figure 1.3 assumes the NW is growing at 
a steady state and outlines two competing growth mechanisms: axial growth caused 
by the nucleation of NW and dopant atoms through the seed catalyst and radial growth, 
caused by sidewall deposition, which can lead to tapering and facets along a NW.  The 
model mainly focuses on axial growth, specifically the concentrations of the dopant in 
the solid, liquid and vapour phases (cs, cl, and cv, respectively), along with the fluxes 
from the vapour to liquid (J LV), liquid seed to crystal wire (J LS) and the re-evaporation 
from the seed (J EV).  The flux of the seed metal itself into the crystal is also considered 
but is assumed to be negligible.  Doping at the interface is assumed to occur in the 
same way as liquid-phase epitaxy, with segregation coefficients differing between 
dopants.  Similar to the Stringfellow model, two types of dopant are identified.  
However, the Stringfellow model categorises dopants based on vapour pressure, the 
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Wallentin model examines dopant solubilities in the seed catalysts.  Dopants of type 
A have low solubility in the metal seed, and high segregation coefficient in the solid 
NW, resulting in dopants being depleted out of the seed, and thus, a low cl, and a 
negligible J EV so that J LV= J LS.  Type A dopants include P in Si or Ge NWs using a 
Au catalyst, where the incorporation of P increases with increased molar fraction of 
the dopant precursor, until the point where solid solubility is reached.71  Conversely, 
Type B dopants have a high solubility in the metal seed and a low segregation in the 
NW solid.  Thus, J EV is larger than J LS, cl is determined by the thermodynamic phase 
diagram of the vapour liquid system and the solid concentration is given by the 
segregation coefficient (cs = kcl).  Antimony (Sb) acts as a Type B dopant in Ge NWs 
when using a Au seed catalyst, as was shown by Sutter and Sutter.72  Their study used 
in-situ EDX measurements via TEM to show higher concentrations of Sb in the Au 
seed than in the NWs themselves. 
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Figure 1.3: Schematic of dopant concentrations and fluxes during VLS growth, 
according to the Wallentin Model.69  Left image shows directions of growth, 
highlighting how axial growth may occur through the seed, as well as growth on the 
substrate and radial growth occurring due to deposition of precursor atoms on substrate 
and NW surface, respectively.  Right image shows the fluxes of dopants and their 
directions, and highlights the concentrations of the solid, liquid and vapour phases of 
NW growth. 
 
One of the main disadvantages of in-situ doping is that the dopant molecules may not 
always be incorporated into the NW crystal structure.  As outlined in the Wallentin 
model 69, along with the axial growth of NWs, dopants may also enter the NW from 
its side facets via an absorption-and-capture mechanism.  Studies into both 
mechanisms have found that radial dopant incorporation is the more effective of the 
two,73,74 resulting in NWs with non-uniform axial and radial doping profiles, with the 
majority of the dopant atoms being present on the sidewalls at the base of the NWs.  
This not only leads to a lack of control of the amount of dopant incorporated into the 
NWs, but has drastically adverse effects on the electrical properties of the wires, 
especially those which are designed for devices that require engineered axial doping 
profiles.  As well as this, dopant precursors can  severely affect the morphology of the 
NWs during growth.  Some of the most prominent examples of this are seen in studies 
using B2H6 to dope Si 75,76 and Ge 77 NWs.  Li et al.75 observed faceting on the surface 
of Si NWs grown in the presence of B2H6.  The lower dissociation energy of B2H6 
compared to SiH4 allows the former to react with incoming SiH4, lowering its 
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decomposition temperature.  This in turn leads to the growth rate of B-doped Si films 
increasing, which causes the faceting.  Similarly, Lauhon et al.76 observed the 
formation of amorphous Si-shells around the surface of Si NWs. This type of growth 
can lead to NWs tapering, which is unfavourable for a number of reasons.  Firstly, 
during sidewall growth, Si atoms do not pass through the Au seed catalyst, instead 
forming polycrystalline Si, which increases the resistivity of the NW.  Also, the non-
uniform diameter formed when tapering occurs causes a variation in the properties 
along the length of the NW and the increase in sidewall deposition of dopants can 
impact the efficiency of a transistor.  When synthesising NWs with axial p-i-n 
junctions, radial growth and doping results in radial p-i-n junctions, which 
parasitically impede performance.  In-situ etching, both with HCl added to the reaction 
vessel,78,79 and with the use of chlorine-containing NW material precursors that form 
HCl in-situ 80 have been successfully used to prevent tapering and thus, resolving non-
uniformity caused by sidewall dopant deposition.81  However, HCl is detrimental to 
most CVD apparatus, as etching of metals in the chamber and elsewhere causes 
contamination of samples and equipment damage.  In cases where HCl is undesirable, 
tapering may also be prevented by lowering the temperature appropriately.39  Outside 
of undesirable radial growth on NW surfaces, dopant precursors have been shown to 
inhibit NW growth, and in some cases completely prevent it.  Schmid et al. 71 found 
that while PH3 led to only a slight decrease in the growth rates of Si NWs at lower 
concentrations, at high enough concentrations, growth was completely inhibited.  
Similarly, AsH3 has been shown to totally inhibit Si NW growth in relatively small 
concentrations 82 and trimethyl antimony has been shown to decrease the growth rate.83  
This has been attributed to a lowering of the surface tension of the Au melt by the 
dopant, thus preventing the dissolution and nucleation of NW atoms into the seeds, 
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though it is more likely due to the addition of P into the liquid seed, and altering the 
Au-Ge system.71 
 
Altering the composition of the seed catalyst affects the chemical potential difference 
between adatoms of the NW growth material in both the vapour and solid crystal 
phases, known as supersaturation (Δμ).  This is due to the relationship between Δμ and 
the equilibrium concentration (Ce) for the bulk system, as outlined in equation (1).84 
 
∆𝜇𝜇 = 𝑘𝑘𝑘𝑘 ln 𝐶𝐶
𝐶𝐶𝑒𝑒
         (1) 
 
where C is the concentration of the NW growth material, k is the Boltzmann constant, 
and T is the temperature. 
 
This quantity is proportional to the growth velocity of the wire (ν) as shown in equation 
(2).84 
 
𝜈𝜈 ∝ [(∆𝜇𝜇)/(𝑘𝑘𝑘𝑘)]2        (2) 
 
Thus, changes in the composition of the seed catalyst made by in-situ doping will 
directly affect the growth rate.  In systems with only the seed and the NW material 
atoms, the equilibrium concentration will remain fixed, and thus, the growth velocity 
may be calculated at particular NW radii.85  However, when introducing a dopant atom 
to the system, it becomes ternary, and thus, the fluxes of dopant and NW growth atoms 
entering the liquid-phase seeds will affect the equilibrium concentrations, and thus, 
will affect the chemical potentials, incorporation rates, and growth velocities of 
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NWs.86  Therefore, calculating the effects that dopants will have on NW growth 
velocities are far from trivial, and dopant precursors will have even greater effects. 
 
Conversely, several examples of in-situ doping of III/V materials have led to positive 
effects on NW morphology.  Diethylzirconium has been shown to cause InP NWs to 
be grown with a purely zinc blend crystal structure, rather than the mixed crystal 
structure seen when undoped 87 and H2S has been shown to induce a perfect wurtzite 
structure.88  Dimethyl zirconium has also been shown to increase the growth rate of 
InP NWs.89  The effects of dopant precursors on NW morphology have been 
circumnavigated to an extent through the use of non-Au seed catalysts.  Examples in 
literature show that NW growth can be achieved using Bi,90 Al,91 and Ga 92 as seed 
catalysts, with the latter two incorporating atoms from the seed into the NWs to the 
extent that the NWs were doped.  Although in-situ doping and its effects on Ge NW 
growth have been comprehensively studied, there are no examples in the literature to 
date of doping of NWs grown from solution, which was a focus of the research 
reported in this thesis.  As well as this, there has been no published research on the 
doping of GeSn NWs by any methods. 
 
In this vein, a significant advantage of in-situ doping is the large degree of control that 
can be obtained over dopant concentration, simply by altering the ratio of NW to 
dopant precursor used, as has been achieved in the gas phase.93  Similarly, selectively 
opening and closing the flow of dopant precursor gases during growth allows for 
alternating intrinsic and doped regions in the same NW, or heterogeneous doping of 
NWs.94,95  The latter is particularly useful, as heterogeneously doped NWs are needed 
for certain applications, e.g. NW tFETs 24 and p-n junctions for solar cell 
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applications.94,96  Conventional doping methods are often unable to achieve the 
precision required to give the doping profiles necessary for these applications.  
Christensen et al. 97 achieved intrinsic regions of ~10 nm by in situ doping, 
highlighting the precision that can be achieved.  As well as this, it is a far simpler 
doping method, being less destructive and requiring less processes involving heating 
and possible damage and alteration to the crystal structure than many ex-situ doping 
methods. 
 
While in-situ doping using gas precursors has been widely studied, no research on the 
topic has been reported to date using liquid or solid NW or dopant precursors.  Work 
has previously been carried out by Korgel et al. 98 and Biswas et al. 46 into the use of 
liquid-injection CVD to grow Ge and GeSn NWs, respectively, which paves the way 
for the use of liquid-injection in-situ doping.  Liquid injection CVD can have the 
advantage over conventional gas-phase CVD in that it gives the potential for a greater 
control over morphology, as well as allowing for a continuous throughput process 
when scaling up towards mass-scale manufacturing.99  However, as liquid-injection 
in-situ doping is a new field, new dopant precursors must be selected.  For dopant 
precursors to be effective, a number of requirements must be met.  Firstly, the dopant 
precursor must have a similar decomposition mechanism and temperature to that of 
the NW precursor.  Secondly, both the dopant and NW precursors must be soluble in 
the same solvent.  A final point to note is that the ratio of dopant to NW precursor in 
solution will rarely translate into the ratios within the NWs due to their differing 
solubilities in the metal catalyst.  For example, both Ge and Sn have higher solubilities 
in Au than P at a growth temperature of 450 °C using liquid precursors.  However, this 
has not proven to be problematic in conventional gas-phase CVD, and thus, 
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experiments shall be calibrated based on the ratios of P to Ge from the DPG and 
phosphine precursors, using similar or identical ratios to those previously used in 
literature.79,93,100 
 
1.3 Characterisation Methods 
Due to the reduced dimensions of NWs compared to bulk semiconductors, the 
characterisation of dopants in semiconductor NWs is far from straightforward.  When 
doping bulk materials and wafers, Hall Effect measurements are generally used for 
characterisation, and while they may be used for NWs,101 using this technique for NWs 
with diameters below the 100 nm range is extremely difficult.  Additionally, EDX 
which is commonly used to measure the elemental composition of NWs has a margin 
of error of 0.5 at.%, which is too low to properly analyse the concentrations of dopant 
atoms required in NW samples.  
 
Often, the most comprehensive method to characterise doping of NWs is electrically, 
either 2 or 4 probe contacts.  The resistivity of NWs can then be qualitatively 






        (3) 
 
Here, V, I and 𝜌𝜌 represent voltage, current, and resistivity, respectively. The resistivity 
of NWs can used to calculate active carrier concentration, using their relationship as 
shown in equation (4): 
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𝜇𝜇𝑚𝑚 = (𝑞𝑞 × 𝑛𝑛𝑠𝑠 × 𝜌𝜌
𝐿𝐿
𝐴𝐴
)       (4) 
 
where 𝜇𝜇𝑚𝑚 is the dominant carrier concentration, q is the elemental charge (1.602x10-19 
C), 𝑛𝑛𝑠𝑠 is the sheet density, and L and A represent the length and cross-section area of 
the section of the NW being measured, respectively. 
 
Doping levels in semiconductor NWs can also be determined from NW-FET devices.  
NW-FETs are assembled by dropping NWs onto a substrate, usually an insulator, 
before placing metal electrical contacts onto each end of the wires.  By sweeping the 
source-drain voltage and measuring the current, the NW conductivity can be 
determined which relates to carrier concentration as defined by equation (5): 
 
𝜎𝜎 = 𝑛𝑛𝑞𝑞𝜇𝜇        (5) 
 
Here, n, q, and μ refer to carrier concentration, elemental charge and carrier mobility, 
respectively.  Carrier mobility is in turn found by changing the potential of the 






𝑉𝑉SD        (6) 
 
where gm, C, L, and VSD refer to capacitance, length of active region and source-drain 
voltage, respectively.  While this method is effective, it can be difficult to fabricate 
effective NW-FETs for measurement.  The doping concentration throughout a NW 
needs to be high to prevent depletion in the FET,102 allowing it to act as a transistor, 
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and current to flow through.  As well as this, the contacts to the NWs should be Ohmic 
rather than Schottky Barriers.  Ohmic contacts are formed when there is a negligible 
resistance at the interface between a NW and the metal contact, whereas with a 
Schottky diode, the resistance at this interface is such that electrons must reach energy 
sufficient to jump from the conduction band of the metal to the conduction band of the 
semiconductor.  Thus, if an Ohmic contact is not formed, the resistance of the contact 
is also measured electrically, and thus, must be distinguished from the NW resistance 
in order to use electrical measurements to analyse doping concentration.  Also, any 
oxide layer present on the NW must be removed before contacting, which is difficult 
to achieve without causing damage, and high temperature recipes used for forming 
devices from bulk materials must be avoided, as these cause NWs to become metallic.  
Despite the difficulties, Ohmic contacts have successfully been created for both p- and 
n-doped Si 103,104 and Ge 65,105 NWs.  One method of achieving this is by heavily doping 
both ends of the NW to ensure that they act electrically as metals, while leaving the 
centre of the wire lightly doped. 106,107  NW-FETs also allow capacitance-voltage 
measurement, which give information on carrier density by measuring capacitance as 
a function of the gate voltage.  By careful screening, it is possible to use this method 
to find carrier mobilities 108 and surface state energies,109 and is capable of analysing 
the resistivity of NWs when coupled with conductive AFM.110  Though effective, the 
cost and time required to manufacture NW-FETs is excessive for quantitatively 
analysing the levels of doping within the NWs. 
 
Optical measurements may also be used to characterise doping, often being 
advantageous in requiring no sample processing beforehand.  Raman spectroscopy has 
been used in several cases to quantitatively measure doping.  Kawashima et al. 111 
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observed a broadened signal at high wavenumbers in highly B-doped Si due to intra 
valence band hole excitation, and following this, Fukata et al. 93 studied whether 
Raman spectroscopy could be used to quantify doping in Ge NWs.  They observed an 
asymetric broadening of the 300 cm-1 Ge-Ge peak, which increased with increasing 
dopant concentration.  This increase was attributed to the electrically active electrons 
in the NWs, due to Fano interference from discrete optical phonons coupling with 
electrons in the continuum inter-band due to the increased presence of holes or 
electrons.93  This interference changes as a function of energy, and thus, asymmetric 
peaks are observed in the Raman spectra, known as Fano Broadening.112  They also 
observed two peaks of Ge-B, and a Ge-P peak at 544 cm-1, 565 cm-1 and 442 cm-1, 
respectively.  These peaks also increased in intensity with an increase in B2H6 and 
PH3 flows, as well as correlating with the shift calculated from previous results in the 
experimental doping of Si NWs.  With the use of the Fano equation113,114 to quantify 
the broadening, approximate quantitative measuring for doping in the NWs was also 
achieved. 
 
ESR has also been used to analyse P and B doping in Si NWs.115,116  This simple 
technique, whereby properties of the electrons of a sample are analysed using a static 
magnetic field and microwaves, gives information on the interactions between 
electrons and nuclei.  The values of orbit levels occupied by electrons will differ for 
the dopant and the semiconductor and thus, doping may be qualitatively analysed 
using this technique. 
 
One of the most comprehensive methods of dopant characterisation is APT, whereby 
a sample is bombarded with x-rays, and atoms ionised, and directed towards a time-
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of-flight detector.  This method not only allows dopant concentration to be measured, 
but also allows for atom-by-atom 3D models of NWs to be constructed.117  However, 
while immensely powerful, APT has drawbacks in that is requires lengthy sample 
preparation, is only able to analyse around 200 nm segments of NWs,118 and is unable 
to measure active carrier concentrations. 
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Chapter 2 
2.1 Nanostructure Synthesis 
All chemicals were purchased from Sigma Aldrich, with the exception of DPG, which 
was purchased from Fluorochem. 
 
2.1.1 Nanoparticle Synthesis 
Dodecanethiol (40 μL) stabilised Au NPs were synthesised in a chloroform solution 
using a reduction of chloroauric acid (0.118 g), using tetraoctylammonium bromide 
(1.0936 g) as the phase transfer catalyst and sodium borohydride (0.1663 g) as the 
reducing agent following a procedure used by He et al. to synthesise Au-Ag NPs.119  
Once synthesised, the NPs were washed three times in ethanol, and added to 10 mL of 
toluene. 
 
2.1.2 CVD Nanowire Synthesis 
NWs were synthesised using a solution-based CVD technique.  Si (001) wafers were 
sonicated for 10 min in acetone and 10 min in IPA and spin-coated with Au NPs at 
2000 rpm for 30 s twice.  The Au coated wafer was placed into a stainless steel HiP 
MS-11-AF1 microreactor connected with metal tubing and left under vacuum heated 
to 180 °C in a tube furnace overnight to remove any traces of water from the apparatus.  
The Si substrate was annealed in the microreactor for 1 h at 440 °C under a H2/Ar 
atmosphere.  Precursor solutions in toluene were prepared in a N2 glovebox; DPG was 
used as the Ge precursor.  DPG concentrations in toluene solutions were kept at 13 
mM.  For the syntheses of GeSn NWs, ATBS was used as the Sn precursor at a 
concentration of 2.4 mM in the toluene solutions.  DPP, ADPP and TOP were used as 
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P precursors.  These were varied in their concentrations from 44 μM to 278 μM in 
order to achieve atomic P/Ge ratios of 2, 1 and 0.2 % (2.7, 1.5 and 0.5 % for DPP, due 
to the difficulties making solutions with lower P/Ge atomic ratios).  The precursor 
solution was loaded into a Hamilton sample lock syringe within the N2 glovebox.  
Injection took place at 1.5 mL h-1 for 2 h with a H2/Ar flow at 0.6 mL min-1  throughout 
the growth.  The reactor cell was allowed to cool to room temperature before 




All NW samples were imaged using an FEI Helios NanoLab 600i scanning electron 
microscope (SEM) at 5, 15, 20 and 30 kV.  EDX measurements were taken and 
recorded in high-angle annular dark-field mode in a FEI Helios Nanolab 600i 
operating at 30 kV and 0.68 μA.  TEM images were acquired using a Joel JEM-2100 
operating at 200 kV in bright-field conditioning for imaging.  For SEM analysis, the 
growth substrates covered with NWs were fastened onto SEM stubs using carbon tape.  
For scanning TEM (STEM) and TEM analysis, samples were dropped onto lacy-
carbon copper TEM grids.  NWs were removed from the substrate by sonicating a 
small segment of the sample in 0.25 mL IPA for 1 min, before dropping onto a grid 
and drying for 2 h.  Percentage coverage was measured from the SEM images using a 
program coded in Java in-house, in which images were polarized by converting each 
pixel of the greyscale image above a certain level of brightness was converted to white, 
and each pixel below that level was converted to black, forming a binary image.  The 
program then calculated the percentage of image that was white in order to provide an 
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estimated percentage coverage on the substrate.  A brightness level of 288 was selected 
for Ge NWs, and 420 was selected for GeSn NWs. 
 
2.2.2 Spectroscopy and Diffraction Measurements 
Raman measurements were carried out using a Renishaw inVia Raman Spectrometer 
equipped with a 2400 lines/mm grating and a 514 nm laser.  Spectra were collected 
with the use of a RenCam CCD camera, with beams focused on samples under a 50 × 
objective lens and measurements taken using a laser power of 1.9 mW.  Measurements 
were made of single NWs.  Samples were prepared for analysis by sonication as with 
STEM and TEM samples, dropped onto Si wafers, and left to dry for 2 h.  XRD 
measurements were taken using a Philips X’pert Pro MPD equipped with a Panalytical 
Empyrean Cu x-ray tube and a Philips X’celerator detector. 
 
2.2.3 Electrical Measurements 
Undoped and doped Ge NWs were sonicated from the growth substrates in IPA and 
drop-cast onto 300 nm SiO2/Si substrates.  Contacting of individual NWs was carried 
out using UV and electron-beam (e-beam) lithography.  Native oxides were removed 
from the NW surfaces before the deposition of electrodes using a 2 min dip in 
deionised water.  Electrical tests were also carried out after using HBr and citric acid 
as oxide removal agents.  Ti/Au and Pd were both used as electrode materials. 
Doped GeSn NWs were electrically tested using a pre-patterned SOI substrate with an 
oxide layer of  90 nm, previously cleaned by dipping in acetone for 3 min and IPA for 
2 min.  NWs were mechanically transferred by brushing first the growth substrate and 
then the SOI substrate using a cleanroom tissue to ensure homogenous distribution of 
the NWs.  After transfer, a Raith e-beam lithography system was used to create 
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contacts onto the NWs using a PMMA resist.  After exposure, the patterned substrate 
underwent metal evaporation to deposit 40 nm of Ni and 80 nm of Au, with a 
subsequent lift-off process. 
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Chapter 3 
3.1 In situ Doping of CVD Grown Ge NWs 
3.1.1 Microscopy of in situ Doped Ge NWs 
SEM and TEM were used to analyse the morphology and crystal structure of the doped 
Ge NWs synthesised.  Figure 3.1(a) shows an SEM image of undoped Ge NWs grown 
on a Si substrate.  These NWs could be produced in high yields, giving approximately 
92.3 % coverage of the substrate, as shown in Table 3.1, and they displayed a straight 
morphology, with a slight curvature for the longer NWs.  In comparison, SEM images 
of doped Ge NWs showed that the dopant precursors affected NW morphology and 
yield.  ADPP and DPP had the most pronounced effects.  Ge particles were observed 
in samples grown in the presence of 2 and 1 at. % P/Ge ADPP, (Figures 3.1(f) and (g), 
respectively) and an organic film was observed across the NWs in samples grown in 
the presence of 2.7 and 1.5 at. % DPP (Figures 3.1(b) and (c), respectively).  More 
notable, however, was the decreased yield and length of the NWs in all four samples 
when compared to undoped Ge NW samples.  As shown in Table 3.1, substrate 
coverage of Ge NWs was below 50 % for all of the samples doped with phenylated 
phosphines; with ADPP doped Ge NWs giving coverages of less than 30 % at all P/Ge 
ratios.  The mean length of NWs doped with phenylated phosphines was around 70 
μm, compared to those of undoped Ge NWs with mean lengths of approximately 200 
μm.  There was no observed faceting nor tapering of the NW sidewalls in the doped 
samples, which implies that neither DPP nor ADPP caused a decrease in the 
decomposition temperature of DPG; as was observed with gas phase in-situ doping of 
Si NWs with B2H6.75,76  However, the presence of organic films and Ge NPs indicates 
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that interactions between DPG and the phenylated phosphines does occur to some 
degree. 
 
Table 3.1: Approximate percentage coverages of Ge NWs on substrates taken from 
12 μm2 SEM images of NWs 
Dopant Precursor P/Ge at. %1 Percentage Coverage 
Undoped - 92.3 
DPP 2.7 6.2 
DPP 1.5 48.1 
DPP 0.5 28.6 
ADPP 2 19.7 
ADPP 1 4.3 
ADPP 0.2 19.5 
TOP 2 46.2 
TOP 1 88.0 
TOP 0.2 49.0 
1. Values calculated by measuring the percentage of SEM image composed of 
NWs via a Java program written in-house that calculated the percentage of the 
image above a certain brightness in order to give an estimate of wire coverage. 
 
Conversely, SEM images indicated that TOP has little effect on the yield and lengths 
of the NWs produced (Figures 3.1(h)-(j)).  The mean length of TOP doped NWs were 
approximately 150 μm, with substrate coverages above 45 %, as shown in Table 3.1. 
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Figure 3.1: SEM images of Ge NWs grown from DPG and various P dopants under 
the following conditions: (a) an undoped sample, (b) SEM image and point EDX 
spectra of Ge particle on growth substrate surface from sample shown in (c), (c) DPP 
at 2.7 at. % P/Ge, (d) DPP at 1.5 at. % P/Ge, (e) DPP at 0.2 at. % P/Ge, (f) ADPP at 2 
at. % P/Ge, (g) ADPP at 1 at. % P/Ge, (h) ADPP at 0.2 at. % P/Ge; (i) TOP at 2 at. % 
P/Ge, (j) TOP at 1 at. % P/Ge and (k) TOP at 0.2 at. % P/Ge. 
 
TEM images of the doped and undoped Ge NW samples showed that crystalline NWs 
were obtained under all experimental conditions, and all NWs possessed a GeO2 
surface coating (Figure 3.2).  Although most of the undoped and doped Ge NWs 
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produced were straight, some of the NWs in both the undoped and doped samples  
were kinked.  NWs of diameters between 30 and 50 nm were used to measure the 
lattice spacing in order to determine the growth direction.  All samples yielded NWs 
in the growth direction of (111) at these diameters (Figure 3.2) which is consistent 
with literature examples of Ge NWs of similar diameters grown via CVD.120 
 
Figure 3.2: TEM images of (a) an undoped Ge NWs grown and Ge NWs grown in 
the presence of three different doping precursors: (b) 2.7 at. % DPP, (c) 2 at. % P/Ge 
ADPP and (d) 1 at. % TOP. 
 
TEM images were also used to analyse diameter distributions across the samples, as 
well as distinguishing the crystalline cores of the NWs from their amorphous oxide 
shells.  As seen in Figure 3.3, all three dopant precursors caused a notable decrease in 
the mean diameter of the Ge NWs compared to undoped NWs.  As expected, NWs 
grown at the lowest dopant concentrations of 0.5 at. % for DPP and 0.2 at. % for ADPP 
and TOP, had a minimum effect on the mean diameter of the NWs compared to 
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undoped samples, i.e. 35, 30 and 50 nm for DPP, ADPP and TOP respectively 
compared to 60 nm for undoped.  NWs grown in the presence of medium dopant 
concentrations, i.e. those with around a 1 at. % P/Ge ratio, had the lowest mean 
diameters, with values at least 10 nm lower than the other two concentrations of each 
precursor.  This was most notable when ADPP was used as a dopant precursor.  These 
drops in mean diameter, length and yield when compared to undoped NWs are likely 
a result of the effects of P on the kinetics of the Au-Ge system.  P has previously been 
shown to lower the growth rate of Si NWs, 82 though the cause of this has never been 
directly studied.  The same has been observed for Ge NWs grown using gaseous 
precursors.86  In Si, this has been attributed to the lowering of the Au surface tension 
by P,82 though it is more likely due to the effects of P on the equilibrium concentrations 
in the Au seed.  This is most plausibly due to an increase in the chemical equilibrium 
concentration, possibly as a result of the flux of P into the Au seed, which would lower 
the chemical potential and the incorporation rate of Ge atoms into the Au seed, thus, 
lowering the growth rate.  The difference seen in Ge NWs doped using phenylated 
phosphines may be due to interactions with DPG, preventing it from entering the Au 
seeds, and thus, slowing and inhibiting growth to a further extent.  Interestingly, the 
slight drop in diameter distributions of 1.5 at. % P/Ge DPP and 1 at. % P/Ge TOP and 
ADPP samples meets with a slight decrease in the mean diameter for these wires when 
compared with their counterparts at other at. % of P/Ge.  This is potentially due to the 
effects of P on the Au surface tension, though more work would need to be carried out 
to establish to what extent this occurs. 
 
While the tight distribution of small diameters of the 1 at. % ADPP NWs may seem 
promising for narrow-channel NW-FET applications, these wires were highly 
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unstable, and were greatly affected by TEM and SEM analysis, as well as having the 
lowest percentage coverage.  This, and the generally low yields of ADPP doped NWs 
highlights the unreliability of ADPP as a dopant precursor.  Most notable across all 
diameter distributions was the lesser effect that TOP had on percentage coverage, NW 
lengths and NW diameters compared to the two phenylated phosphines.  Therefore for 
this system, TOP was the best precursor for growing high yield of doped, straight 
NWs. 
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Figure 3.3: Box plots showing diameter distributions of Ge NWs in the presence of 
different concentrations of each dopant precursor.  The crosses represent the maximum 
and minimum values, the small boxes represent the mean value, the larger boxes 
represent the 2nd and 3rd quartiles, and the lines extending from the large boxes 
represent the 1st and 4th quartiles. 
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TEM was also used to measure the thickness of the shells around the NWs, in order to 
determine whether they were composed of oxides or amorphous Ge deposited on NW 
sidewalls.  Many dopant precursors in gas-phase in-situ doping have been shown to 
promote radial growth in both Si and Ge NWs.75,77,121  As the in-situ doped NWs have 
shells with a smaller mean thickness than the undoped NWs, it appears that no radial 
growth is promoted by any dopant precursor.  The larger shells for the undoped NWs 
are likely due to exposure to ambient air for longer than the previous samples leading 
to the formation of thicker oxide shells, as initial analysis of the NWs carried out after 
less time in air generally gave shell thicknesses below 5 nm.  Although all samples 
were stored under ambient air, some samples of NWs were exposed for longer than 
others  Typically, NWs were exposed to ambient air for approximately 1 month.  TOP 
and DPP yielded oxide shells with a similar mean thickness to the undoped samples, 
with a mean shell thickness of 8 nm.  NWs were etched in HF, and the removal of this 
outer shell ensured that these layers were in fact composed of GeOx.  Potentially, the 
P from the dopant precursors may become incorporated into the wire via the sidewalls, 
as has been reported in literature 122 and this may decrease the oxidation rate of the Ge 
surface of the NWs.  As the sidewalls of the NWs grown in the presence of TOP had 
oxide shells of a similar thickness to undoped wires, the indication here is that P atoms 
are incorporated into the NWs via the sidewalls to a lesser extent in TOP and DPP 
than for ADPP grown NWs due to the thinner oxide layers seen in the latter samples. 
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Figure 3.4: Diameter distributions of crystalline NWs and their corresponding oxide 
shell thickness for undoped and doped Ge NWs. 
 
3.1.2 Spectroscopy of in-situ Doped Ge NWs 
Raman data for all samples (Figure 3.5) showed clear evidence of a Ge-Ge transversal 
optical phonon mode peak at approximately 300 cm-1, indicating that all of the NWs 
synthesised had cubic crystal structures, in agreement with the TEM results. 
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Figure 3.5: Raman Spectra for Ge NWs grown in the presence of differing 
concentrations of each dopant precursor.  DPP reactions carried out with 2.7, 1.5  and 
0.2 at. % P/Ge; ADPP and TOP reactions at 2, 1 and  0.2 at. % P/Ge. 
 
Quantum confinement effects, due to the nanometre-scale diameters of the NWs, 
resulted in a red-shift of the Ge-Ge transversal optical phonon mode peak for both 
doped and undoped NWs to lower wavenumbers compared to the value of 300 cm-1 
obtained for bulk Ge.  The large signal-to-noise ratio in some of the Raman spectra, 
particularly prominent in the 1 at. % P/Ge ADPP sample, was likely due to the laser 
Ge-Ge Ge-P 
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beam interacting with the Si substrate, or particles deposited from the IPA solution, as 
opposed to smaller diameter NWs.  Ideally, NWs with identical diameters would have 
been used for each measurement.  However, this was not feasible with the Raman 
spectrometer used, which had a microscope with a maximum magnification of ×50, 
making it impossible to measure NW diameters with any accuracy.  A peak at 
approximately 435 cm-1 was observed for most of the doped NW samples analysed 
but was not observed in undoped NW samples, which may be attributed to the presence 
of Ge-P bonds.93,100  All of the doped NW samples showed a red-shift of this peak 
towards lower wavenumbers compared to Ge-P peaks reported in the literature.93,100  
Red-shifts in the Ge-P peak were seen by Futaka et al. 93 when lowering the flow rate 
of PH3 in their gas based in-situ doping, thus, lowering the P concentration in the 
NWs.  Therefore, the lower wavenumber peak observed here compared to the results 
in previous work may be due to a lower concentration of P in the NWs presented here.  
This Ge-P peak is least prominent for samples grown with ADPP.  Though the Ge-P 
peak from the 1 at. % P/Ge sample is intense in the spectrum shown in Figure 3.5, this 
is unreliable, as this spectrum had the lowest intensity before normalisation, as shown 
in Figure 3.6(a).  Fano broadening similar to that seen by Fukata et al. 93 was also 
observed in each spectrum, which is to be expected from the addition of P due to the 
increased presence of electrons compared to the Ge NWs, which may couple with 
discrete photons to cause Fano interference.  Though promising, this cannot be 
comprehensively attributed to electrically active P present in the NWs.  The extent of 
Fano broadening not only varies in each sample in a way that does not match with 
trends in concentration; it also varies between different NWs from the same sample 
(example given in Figure 3.6(b).  This is likely due to the different diameters of each 
sample, which would have significant effects on the peak widths.  In spite of this, the 
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trends of DPP an ADPP samples give reasonably good correlation between Fano 
broadening and dopant concentration, when accounting for the noise in peaks. 
 
 
Figure 3.6: (a) Raman spectrum of Ge NWs grown in the presence of differing 
concentrations of ADPP before data was normalised; (b) Raman spectrum of different 
wires from 2.7 at. % DPP doped sample of Ge NWs showing variation of the Ge 300 
cm-1 peak and Fano Broadening. 
 
All of the doped and undoped Ge NW samples had cubic crystal structures based on 
XRD analysis, as shown in Figure 3.7, which matched well with TEM and Raman 
data.  All but one of the samples showed diffraction peaks corresponding to (111), 
(220) and (311) diffraction planes.  Only the undoped Ge NWs, and samples grown in 
the presence of the lowest concentrations of dopant precursors, showed (400) and 
(331) diffraction peaks, probably due to the higher yield of these samples on the 
growth substrates.  The broad peaks at around 69° (2θ) can be attributed to the (400) 
 
Page | 48 
diffraction peak from the Si substrate.  A diffraction peak was observed for Ge NWs 
grown in the presence of the 0.2 at. % TOP dopant precursor at 28.5° (2θ), which is 
close to the (102) diffraction plane for tetragonal Ge (27°).  Also, Ge NWs grown in 
the presence of 1.5 at. % and 0.5 at. % DPP both displayed a diffraction peak at 
approximately 33° (2θ), which matches with the (212) diffraction plane for tetragonal 
Ge.  However, as neither the Raman nor the TEM data obtained showed any evidence 
for tetragonal Ge NWs, these peaks are likely to be unrelated to the Ge NWs, and may 
instead be attributed to the Si substrate. 
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Figure 3.7: XRD diffraction patterns of undoped and doped Ge NWs grown using 
different P dopant precursors at differing concentrations.  Peaks labelled in DPP 
diffraction pattern according to research by Korgel et al.48 
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3.1.3 Electrical Testing of in-situ Doped Ge NWs 
All of the doped Ge NWs synthesised in this project were found to be insulating under 
an applied electric field of up to 500 V μm-1 and a voltage in excess of 50 V (applied 
between source and drain electrodes).  This insulating behaviour remained even when 
the NWs were exposed to deionised water, HBr and citric acid treatments to remove 
the surface oxide  before deposition of metal contacts.  Additionally, the undoped Ge 
NWs synthesised in this project were not found to be conducting.  NWs remained 
intact throughout the measurements, as shown in Figure 3.8. 
 
 
Figure 3.8: Ge NWs contacted for electrical testing shown to be intact after the electric 
fields had been applied. 
 
The reasoning for the lack of electrical conductivity in the undoped NWs may be due 
to a higher incorporation of P into the Ge NWs than anticipated.  The P/Ge ratios used  
were selected based on examples of gas-based CVD in-situ doping of Ge NWs in 
literature.74,79,93  If the concentration of P within the NWs is above a certain threshold, 
the NWs will exhibit insulating behaviour, as seen here.  Alternatively, the lack of 
control over the homogeneity of the P concentration throughout the NWs may result 
in clusters of P atoms throughout the crystal.  Both of these will lead to an increase in 
scattering of electrons in the NWs.  Once electrons travel within the scattering radius 
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around the P atoms, which have a positive charge after donating electrons as 
n-dopants, they are scattered, losing kinetic energy to a point where current is 
inhibited.  Both an excessive P concentration and P clusters within the NWs could 
cause scattering, the former due to a large amount of scattering sites and the latter due 
to an increase in the scattering radii in the NWs.  As no P clusters were observed via 
HRTEM, the former is the more likely of the two.  However, as the undoped Ge NWs 
also showed insulating behaviour, it is likely that the issues with electrical testing of 
the NWs arose from issues associated with the contacting process, such as the 
ineffective removal of the Ge oxide layers for both the doped and undoped NW 
samples. 
 
3.1.4 Summary of in-situ Doped Ge NWs 
Overall, Ge NWs were successfully grown in the presence of three different dopant 
precursors, although each precursor had unique effects on NW growth.  Though initial 
results were promising, especially for the TOP-doped NWs, unsuccessful electrical 
testing indicates that more work is required to optimise the in-situ doping of Ge NWs 
using liquid precursors. 
 
3.2 In situ Doped CVD grown GeSn NWs 
3.2.1 Microscopy of In situ Doped CVD grown GeSn NWs 
In-situ doping experiments of GeSn NWs gave far less consistent results than with the 
Ge NWs, as can be seen in the SEM images shown in Figure 3.9.  Undoped GeSn 
NWs grown under similar conditions to those previously reported by Biswas et al. 46 
gave a sparser distribution across the Si substrate, giving a percentage coverage of 
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65.8 % as shown in Table 3.2.  The NWs also exhibited a slight tapering, which may 
be attributed to the effects of Sn on the Au catalyst.  EDX data shows NW tips to have 
a very high Sn concentration, thus it can be assumed that as the NW growth 
progressed, the Au seed absorbed Sn to such an extent that the seeds grew in size 
during the reaction as more Sn dissolved within them.  Thus, as the seed-tip increased 
in size, the diameters of each bilayer of the NW increased, causing the tapering.  
Undoped wires had Sn concentrations of approximately 10 at. %, as shown in Figure 
3.10. 
 
Dopant precursors had a varied effect on the morphology of the NWs.  NWs grown in 
the presence of DPP at 1.5 at. % were long and thin, more resembling Ge NWs than 
GeSn, though the substrate was as densely covered as the undoped GeSn samples, with 
both giving percentage coverage of approximately 65 %, as seen in Table 3.2.  This is  
potentially due to  the P atoms lowering the surface tension of the Au NPs, proposed 
by Schmid et al. as a factor affecting Si NW growth during P in in-situ doping.82  This 
may also be the cause of the agglomerated Au particles present on the Si substrate in 
the SEM image in Figure 3.9.  These NWs, with a resemblance to Ge NWs, had the 
highest Sn concentration at 80 at.% Sn.  Although the NWs in this sample seemed 
promising candidates for FET applications, with this high Sn percentage, as well as 
the majority of NWs having diameters below 20 nm (as shown in Figure 3.11), they 
were highly unstable upon imaging by SEM and TEM, and were heavily damaged 
even by a low power SEM beam (see Figure 3.9(c)), and thus, STEM-EDX analysis 
of the NWs was unsuccessful.  This unusual morphology, composition and structure 
of the GeSn NWs is potentially due the same effects of P from DPP on the surface 
tension of the Au seeds preventing Sn from dissolving into the seeds, and being 
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incorporated into the NW via the sidewalls.  The instability of the NWs under electron 
beam is also unusual, as group IV NWs are generally highly stable under electron 
beam, and may be due to the effects of this sidewall deposition of Sn into the NW. 
 
Although sparsely distributed across the substrate, NWs grown in the presence of DPP 
at a concentration of 0.5 at. % were more morphologically similar to undoped GeSn 
NWs.  An increase in the Sn concentration was also observed here, though to a much 
lesser extent than the higher concentration DPP experiments, with Sn concentrations 
of around 15 at. %. 
Table 3.2: Approximate percentage coverages of GeSn NWs on substrates taken from 
12 μm2 SEM images of NWs. 
Dopant Precursor P/Ge at. % 1 Percentage Coverage 
Undoped - 65.8 
DPP 1 64.9 
DPP 0.2 53.2 
TOP 1 91.9 
TOP 0.2 63.6 
1. Values calculated by measuring the percentage of SEM image composed of 
NWs via Java program written in-house that calculated the percentage of the 
image above a certain brightness in order to give an estimate of wire coverage. 
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Figure 3.9: SEM images of in-situ doped GeSn NWs grown at differing 
concentrations of P-dopant precursors: (a) undoped, (b) 1.5 at. % P/Ge DPP, (c) 1.5 
at. % DPP at higher magnification to show damage to NWs caused by electron beam 
(d) 0.5 at. % P/Ge DPP, (e) 1 at. % P/Ge TOP and (f) 0.2 at. % P/Ge TOP. 
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Figure 3.10: Point EDX spectra collected for in-situ doped GeSn NWs grown at 
differing concentrations of P-dopant precursors: (a) undoped, (b) 1.5 at. % DPP, (c) 
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Figure 3.11: Box plots showing diameter distributions of in-situ doped and undoped 
GeSn NWs grown in the presence of different concentrations of dopant precursors.   
 
Doped GeSn NWs grown using TOP as a precursor yielded samples that more closely 
resembled their undoped counterparts than those grown using other precursors.  From 
SEM analysis, doped GeSn NWs grown using TOP as a precursor had similar mean 
diameters and morphologies to undoped NWs, although a slight variation in diameter 
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distributions and yields were apparent.  However, the presence of TOP during the 
growth of GeSn NWs resulted in a lowering of the Sn concentration to 8 and 6 at.% 
for a TOP precursor concentration of 0.2 at. % and 1 at. % respectively, compared to 
10 at.% for undoped GeSn NWs; probably due to interactions between TOP with the 
ATBS due to both molecules being based on alkyl chains rather than phenyl rings.  At 
high TOP concentrations the GeSn NWs formed appeared to have a tight diameter 
distribution diameters (seen in Figure 3.11), with a mean diameter at around 30 nm. 
 
3.2.2 Crystal Structures of In-situ Doped CVD grown GeSn NWs 
TEM analysis shown in Figure 3.12 of the GeSn NWs shows that undoped NWs, as 
well as NWs doped using TOP and 0.5 at. % P/Ge DPP, gave uniform crystal 
structures.  Lattice spacings of 3.32 ± 0.08 Å was observed for the undoped sample, 
3.29 ± 0.05 Å for the 1 at. % and 0.2 at. % TOP doped samples, and 3.29 ± 0.04 Å for 
the 0.25 at % P/Ge DPP doped sample, indicating that all NW grow in the (111) 
direction.  The TEM image of the 1.5 at. % P/Ge doped DPP sample in Figure 3.13 
shows that NWs contained many crystal defects, and inhomogeneous crystal structure.  
This is possibly the cause of the instability of the NWs under electron beam, and may 
be a result of the effects of P on the surface tension and composition of the liquid Au 
seeds during growth.  XRD measurements undertaken on doped and undoped GeSn 
NWs proved that almost all samples had cubic crystal structures, with lattice spacings 
of 3.28 Å for undoped GeSn NWs and 3.29 Å for 0.5 at. % Ge/P DPP and both TOP 
doped samples.  Most samples exhibited strong (111), (220), (311) and less intense 
(400) and (331) diffraction peaks from Ge (see Figure 3.14).  The exception again is 
the 1.5 at. % DPP sample, which showed only weak peaks at around 28 and 49° (2θ).  
The Raman spectra shown in Figure 3.15 shows the cubic Ge-Ge peak at 300 cm-1 for 
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all samples.  This peak has a noticeable red-shift for the undoped and 0.2 at. % Ge/P 
TOP doped sample, which is expected, due to the presence of the heavier Sn atoms in 
the NWs.  All samples also show a peak at 435 cm-1, potentially giving evidence of P-
doping.  However, the low intensities of most of the spectra before being normalised 
render this peak unreliable.  Unusual spectra were seen for 1.5 at. % DPP samples, 
with peaks at 230 and 250 cm-1.  As these NWs are more highly composed of Sn, these 
peaks are most likely due to SnxOy oxide peaks, as seen in previous Raman studies of 
Sn oxides.123,124  There is also a noticeable blue-shift in the Ge peak at around 300 cm-1 
when compared to all other samples, the implication here being that Sn has segregated 
onto the surface of the NWs and formed oxides, while the NWs themselves are mainly 
composed of Ge, giving evidence of DPP causing radial deposition of Sn on the 
surface of the NWs.  All data confirms that NWs are cubic, and indicates the instability 
of DPP as a P-dopant precursor in high concentrations.  As with the Ge NWs, some 
samples show peaks at 30 and 32° (2θ), indicating tetragonal NWs.  However, as 
neither TEM nor Raman gave any evidence of this, these peaks can be assumed to be 
unrelated to the GeSn NWs.  This again is likely due to peaks from the Si substrate.. 
 
From these experiments the P precursors appear to have a greater effect on defects, 
morphology, and compositions of GeSn NWs compared to their Ge counterparts.  
There is a possibility that entirely new precursors must be considered for GeSn NWs, 
based on the instability, lowering of Sn concentrations and potential inefficient doping 
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Figure 3.12: TEM images of in-situ doped GeSn NWs grown at differing 
concentrations of P-dopant precursors: (a) undoped, (b) 0.2 at. %, TOP, (c) 1 at. % 
TOP and (d) 0.25 at. % DPP. 
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Figure 3.13: TEM image of in-situ doped GeSn NWs doped using 1.5 at. % P/Ge 
DPP, showing defects in the crystal structure. 
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Figure 3.14: XRD Spectra of of in situ doped GeSn NWs grown in the presence of 
different concentrations of each dopant-precursor.  Peaks  labelled in DPP spectra as 
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Figure 3.15: Raman Spectra of of in-situ doped GeSn NWs grown at differing 
concentrations of P-dopant precursors. 
 
3.2.3 Electrical results of in-situ doped GeSn NWs 
The electrical testing of the doped GeSn NWs gave unusual results.  While GeSn NWs 
synthesised within our group have given promising and expected electrical behaviour, 
the TOP-doped GeSn NWs gave highly unconventional IV curves when altering the 
drain voltage, and backgate voltage.  Although current modulation occurred in some 
cases, other NWs gave current peaks in the μA scale that then dropped to the nA scale, 
giving a modulation in current.  Figure 3.16 shows electrical results for GeSn NWs 
doped at 1 and 0.2 at. % P/Ge ((a) and (b), respectively).  This bizarre behaviour, and 
generally low current may be explained by a limit of the current due to scattering sites 
within the NWs, as seen in literature with ion-implanted bulk Si,126,127 and is prone to 
occur in NWs.128  These are caused by clusters of dopant atoms forming defects in 
interstitial sites rather than becoming part of the crystal structure, and prevent electrons 
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thermally annealing the NWs, to ensure that the dopant atoms form part of the crystal 
structure rather than in intestinal sites to form defects.  However, difficulty lies here 
in annealing the NWs without causing segregation of the Sn atoms.  It may also be 
prevented in future by further lowering the dopant concentration, or altering the flow 
rate of P into the reaction vessel to better control the distribution of P in the NWs. 
 
Figure 3.16: IV curves of GeSn NWs doped using TOP as dopant precursor, with 
differing backgate voltage and drain voltage, as outlined in each figure. (a) and (b) 
show 1 and 0.2 at. % P/Ge doped GeSn NWs, respectively. 
 
Conclusions and Future Work 
This study showed the successful synthesis of Ge and GeSn NWs using solution-based 
VLS growth in the presence of P precursors.  While it was established that none of the 
P precursors affected the crystal structure, with all doped NWs showing cubic crystal 
structures, and growing in the (111) direction, the yields of the wires were shown to 
have decreased with dopant precursors present, attributed here to the effects of P on 
the Au seed system, with both the effects of P in decreasing the growth velocity, and 
the potential lowering of the Au seed surface tension.  In the case of Ge NWs, TOP 
proved to be the optimum dopant precursor in terms of NW morphology and yield.  P 
a) b) 
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precursors had a greater impact on the GeSn NWs, where EDX and Raman 
Spectroscopy showed that they widely altered the concentration of Sn present in each 
sample, as well as TEM images showing changes in the crystal structures in of the 
NWs doped using higher concentrations of DPP.  In spite of these setbacks, the results 
from the peak present at around 435 cm-1 and Fano Broadening of the 300 cm-1 Ge 
peak in the Raman spectra give evidence of successful P doping of the NWs. 
 
Electrical results have shown that these doped NWs need significant work before their 
use in FETs.  The unconventional electrical behaviour of the doped GeSn NWs 
indicates that scattering sites have occurred as part of the doping process, preventing 
the NWs from acting as effective channels.  As well as this, no current was detected 
in the Ge NWs, also attributed to scattering sites here.  While annealing may be 
effective for resolving this in bulk semiconductors, this may result in either the melting 
of the NWs, or Sn segregation in the GeSn NWs.  Thus, possible solutions would 
involve altering the growth of the NWs, potentially by using metal NPs as catalysts to 
increase the growth velocity by lowering the equilibrium concentrations of the NWs.  
Thus, fewer atoms of P would be incorporated into the NWs, potentially preventing 
the scattering sites from forming. As well as this, the process for electrically testing 
solution-based VLS-grown in-situ doped  Ge and GeSn NWs needs further refinement. 
 
Once these initial problems have been navigated, work may continue into the doping 
of GeSn NWs for use in tFETs, which will involve heterogeneously doping the NWs 
to form p-i-n junctions.  However, as has been shown here, in-situ doping of Ge and 
GeSn NWs using solution-based precursors is far from trivial and more research is 
necessary to refine the integration of dopants into the crystal structures of the NWs. 
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